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Chemical shift of hyperpolarized 129Xe dissolved in liquid nitrogen
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~Received 28 June 2001; published 7 December 2001!

We report NMR measurements of hyperpolarized xenon dissolved in liquid nitrogen. The dependence of the
129Xe frequency shift on liquid nitrogen temperature was measured along the nitrogen saturated vapor curve
from 77 to 93 K. Plotted as a function of the liquid nitrogen density, the chemical shift of xenon is very well
described by a simple proportionality relation, with a slope of 0.2135~15! ppm/amagat. The relationship
between the chemical shift and the longitudinal spin relaxation is considered in terms of the spin-rotation
interaction, and estimates of Xe relaxation time in liquid nitrogen are discussed.
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Over the past decade, considerable progress has
made in the area of optical pumping1 and large-volume
production2,3 of hyperpolarized noble gases. High-resoluti
3He images of human lungs have been reported,4 but the
quality of 129Xe lung imaging5 is still limited by the com-
paratively low ~about 10%) nuclear spin polarization cu
rently achievable in pure xenon.

There have been a number of studies in recent year6–8

focusing on the physics behind processes taking place in
optical pumping cell, where high-power circularly polarize
laser light is absorbed by rubidium vapor atoms which th
transfer spin polarization to129Xe nuclei. However, very
little remains known about the physics taking place dur
the cryogenic separation of spin-polarized xenon from
much larger quantities of buffer gases that are currently
mixed with xenon during optical pumping.2 Despite experi-
mental evidence9 that a small quantity of xenon preserves
polarization throughout the freeze/thaw cycle in a sealed c
more than half of the nuclear polarization is currently lo
during cryogenic separation in high-volume xenon polar
ers.

Given that nitrogen is a key component of the buffer g
mixture, it is important to understand the nature of spin
laxation in xenon-nitrogen mixtures, especially during buf
gas separation. Since a considerable amount of xenon
dissolves10 in liquid nitrogen at the cryogenic separatio
temperature of 77 K, it may be possible to gain insight in
the mechanisms of xenon relaxation in condensed nitro
by examining the relationship between the spin relaxat
rate and the chemical shift of129Xe nuclei.11,12Both of these
quantities can be measured directly with nuclear magn
resonance~NMR! spectroscopy, a powerful probe of sp
interactions between a nucleus and its local environmen13

The first systematic NMR studies of pure xenon date b
to the 1960s.14,15In the 1970s, C. J. Jameson, A. K. James
and co-workers carried out a number of NMR measureme
on xenon mixed with other gases,16 including a 1978 study17

of xenon-nitrogen gas mixtures in the temperature range
220–380 K.Ab initio calculations of the129Xe nuclear mag-
netic shielding in the Xe–N2 system were reported by d
Dios and C. J. Jameson18 in 1997.

Here we present NMR measurements of hyperpolari
xenon dissolved in liquid nitrogen. Over the temperatu
range of 77–93 K at a 1.435-T magnetic field, the chem
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shift of 129Xe is found to be very nearly proportional to th
liquid nitrogen density. This shift is closely related to th
spin-rotation interaction,19 which is thought to mediate the
longitudinal spin relaxation of129Xe in liquid nitrogen.

In this experiment, xenon gas was polariz
with a prototype commercial system~model IGI.9800.Xe
polarizer, MITI! connected via a pair of nylon tube
to a glass cold finger, as shown in Fig. 1. The cold fing
was placed in a cryostat bore of a superconducting mag
~Oxford Instruments!. The apparatus was first evacuat
to 531023 torr, then flushed and filled with pure
(99.9995%1) N2 gas. The sample space was cooled do
and maintained at 64 K~just above the melting point o
nitrogen! for half an hour, allowing at least 10 cm3 of liquid
nitrogen (LN2) to condense in the cold finger. The standa

FIG. 1. Schematic diagram of the experimental setup. T
He–N2–Xe gas mixture supplied to the xenon polarizer~A! enters
the optical pumping cell~B!, which is heated to 175 °C in a 20 G
magnetic field. There circularly polarized laser light optica
pumps Rb vapor that imparts some of its spin polarization to xen
The gas mixture containing hyperpolarized129Xe is then supplied
via one of the two nylon tubes~C! to the glass cold finger~E!, fitted
with shut-off valves~D!. The cold finger is placed into the cryosta
insert ~G!, mounted inside a superconducting magnet~F!. The gas
pressure, monitored by the gauge~H!, can be adjusted using th
needle valve~I!.
©2001 The American Physical Society04-1
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He–N2–Xe gas mixture (;1%Xe of natural isotopic com
position! was then polarized and flowed through the co
finger at a pressure of 4.5 atm. As the warm mixture bubb
through the cold LN2, the latter boiled off, rapidly increasin
the concentration of dissolved xenon. At some point eno
hyperpolarized xenon was dissolved to produce detect
NMR signals, with at least 5 cm3 of LN2 remaining in the
cold finger. Since LN2 was essentially in equilibrium with N2
gas, its pressure was a well-defined function of tempera
~barring small corrections due to the dissolved Xe!. Thus the
liquid nitrogen temperatureT could be varied either by hea
ing the sample or by depressurizing the cold finger. T
CernoxTM thin-film resistors~model CX-1080-BG-HT, Lake
Shore!, immersed in the liquid sample 2 cm one above
other, were used as temperature sensors. Occasionally,
mal stratification in the liquid was observed, and a data po
was discarded if the two sensors showed a temperature
ferenceDT.1 K. Although both sensors were calibrated
60.1 K, we usedDT as the temperature error for eac
NMR measurement.

A two-turn NMR surface coil was mounted around t
cold finger in a region where the applied fieldB0
51.435 T was homogeneous to 1.5 parts per million~ppm!.
The coil was connected to an external resonant tank circ
tuned to a frequencyF0 close to the Larmor frequency o
129Xe nuclei. A simple homodyne NMR spectrometer su
plied short excitation pulses (5250 ms at F0) to the coil
and recorded the subsequent free induction decays~FID! of
the 129Xe nuclear magnetization by mixing the amplified si
nal with the sin(2pF0t) and cos(2pF0t) waveforms, applying
a low-pass filter, and taking the Fourier transform. The
sorptive part of the resulting spectrum was plotted as a fu
tion of frequency.

Figure 2~a! shows a typical NMR spectrum of xenon di

FIG. 2. ~a! Representative129Xe NMR spectrum of hyperpolar
ized xenon dissolved in liquid nitrogen at 90 K.~b! NMR spectrum
of xenon at its triple point~161.35 K, 0.81 atm!, where the three
peaks~left to right! are due to the solid, liquid, and gaseous pha
of xenon. Zero on the bottom scale corresponds to the NMR
quencyF0516.888 MHz.
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solved in liquid nitrogen, taken atT590 K. The motionally
narrowed peak is;25 Hz wide due to the homogeneit
of the applied field. The relative peak frequency in Fig. 2~a!
is 2.7 kHz, which corresponds to the NMR frequen
n5F012.7 kHz, with F0516.888 MHz. For comparison
a spectrum of pure xenon at its triple point~161.35 K, 0.81
atm! is shown in Fig. 2~b!. NMR lines due to all three phase
of xenon~left to right: solid, liquid, gas! are clearly resolved.
Their chemical shifts~top scale! are approximately propor
tional to density, consistent with the early measurement
pure xenon.14,15

If attributed to xenon gas, the peak at 127 ppm in F
2~a!, roughly half-way between the gas and the liquid lin
of Fig. 2~b!, would imply a gas density of about 30
amagats,20 inconsistent with the low pressures in this expe
ment. The only phase that can exhibit this motionally n
rowed 129Xe line at T,100 K is a solution of xenon in
liquid nitrogen. This interpretation is consistent with our o
servations of a second, much broader peak at;300 ppm at
the end of the experiment: when saturated, xenon precipit
out as a solid.

To convert the NMR frequencyn into the chemical shift
Ds5(n2ng0)/ng0, it was necessary to measureng0, the
frequency of a reference substance, conventionally define
pure xenon in the limit of zero density. We obtainedng0 in
two steps: First, the NMR frequency of129Xe in the
He–N2–Xe gas mixture was monitored at room temperat
and 4.5 atm immediately before and after each cryoge
experiment. From these room temperature data, a small~on
the order of 1 ppm! and fairly reproducible magnetic field
drift in the superconducting magnet was interpolated a
function of time, and the cryogenic NMR data were th
referenced to the frequency of xenon in the gas mixture. T
error of this interpolation and the 1.5 ppm linewidth of th
NMR signals determined the error of the chemical shift m
surements. Second, the frequency of xenon in the gas m
ture at 4.5 atm was compared to the frequency of pure xe
gas ~polarized and cryogenically separated in another c
finger!, measured at room temperature and 1.6 atm. Us
the known dependence of the chemical shift on density
pure xenon,14 it was found that the NMR frequency of xeno
in the 4.5 atm gas mixture was equal, within errors, tong0.
This is consistent with expectations based on the kno
chemical shifts of xenon mixed with nitrogen17 and other
gases.16 Other possible systematic errors~such as therma
displacement of the coil relative to the magnet, presence
paramagnetic contaminants that could cause tempera
dependent field shift and distortion, effects of the heater c
rent on the NMR frequency and line shape, or condensa
of paramagnetic liquid oxygen on the outer surface of
cold finger! were carefully examined and eliminated. Th
narrow NMR line of the dissolved xenon and the reprodu
ibility of the chemical shifts over eight cryogenic cycles a
good indications of the validity of our data.

Figure 3 shows the chemical shiftDs of dissolved129Xe,
measured as a function of temperatureT ~top scale!. Neglect-
ing the small corrections due to dissolved xenon, the den
rN2

of the liquid ~bottom scale! was calculated using the
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published liquid-vapor equilibrium datarN2
(T) for

nitrogen.21 The temperature range covered, 77–93 K, cor
sponds to the equilibrium nitrogen vapor pressures of 1–
atm. The solubility of xenon in liquid nitrogen is a stron
function of temperature, which we approximate from pu
lished experimental data10 as

x~T!5expS 3.2882
761.5 K

T D6231023

~1!

for 91,T,127.3 K,

wherex5@Xe#/@Xe1N2# is the molar fraction of dissolved
xenon. Extrapolating Eq.~1! to 77 K, we obtainx(77 K)
51.431023, compared tox(93 K)57.431023. This is
why it was more difficult to obtain signal at lower temper
tures. On the other hand, measurements around 93 K yie
good signals, but were limited to 4.5 atm by the estima
mechanical strength of the glass.

All of the data in Fig. 3 are well described by the on
parameter fitDs5k1rN2

~solid line!, with

k15~0.213560.0015! ppm/amagat. ~2!

Figure 4 compares the experimentally measured value
this constant for xenon dissolved in liquid~present work! and
gaseous nitrogen17 to the results of recentab initio calcula-
tions for the Xe–N2 system.18 The calculations seem to re
produce the gaseous data qualitatively~note the minimum in
k1 at 250 K, which occurs at 300 K in the calculation!, al-
though good quantitative agreement has yet to be achie

FIG. 3. 129Xe chemical shiftDs of xenon dissolved in liquid
nitrogen measured as a function of temperature~nonuniform top
scale! along the saturated pressure curve. The temperature of li
nitrogen was converted into densityrN2

~linear bottom scale! using
Ref. 19. The solid line is a one-parameter fitDs5k1rN2

, with the
fitting constantk15(0.213560.0015) ppm/amagat.
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The challenges associated withab initio calculations of in-
termolecular chemical shifts are well described in a revi
by de Dios.22

Relatively large chemical shiftsDs of xenon, such as
plotted in Fig. 3, can be explained in terms of the sp
rotation interaction12 between a129Xe nucleus and neighbor
ing atoms. For gaseous xenon, Torrey11 showed that

Ds5
2

3

mB

\ K Hr~v!

v L , ~3!

whereHr(v) is the field induced at the129Xe nucleus by the
rotation of a Xe-Xe pair with angular velocityv, andmB is
the Bohr magneton. The average denoted by^ . . . & is taken
over all configurations of the nearest neighbors.

In a clean diamagnetic system of dilute spin-1/2 nuc
the longitudinal relaxation rate 1/T1 at moderate magnetic
fields (0.2210 T) is often attributed23 to the spin-rotation
field Hr(v). Using the rigid-sphere approximation, Torre
obtained for xenon gas:

1

T1
5

21

40p S mXe

mB
D 2 v̄ r

nRm
4 ~Ds!2, ~4!

where mXe is the magnetic moment of the129Xe nucleus,

v̄ r5(8kT/pmr)
1/2 is the mean relative velocity of a Xe-X

pair, mr is its reduced mass,Rm53.32 Å is the effective
rigid sphere diameter, andn is the number density of atoms
Equation ~4! was modified by Oppenheimet al.24 for the
case of liquid xenon:

1

T1
5

128p

3 S mXe

\ D 2

nDE
0

`

g~R!S Hr~v!

v D 2

dR, ~5!

whereD is the diffusion coefficient of xenon in the liquid
andg(R) is the radial density distribution function, norma
ized tog(`)51. The termHr(v)/v depends onR and is the
same as in Eq.~3!. The measurements in pure xenon liqu

id

FIG. 4. Comparison of the proportionality constantsk1

5Ds/rN2
~the ratio of the chemical shift to the nitrogen densit!

for xenon dissolved in liquid and gaseous nitrogen.
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by Saueret al.,25 who obtainedT1'0.5 h at T5165 K, are
in fairly good agreement with Eq.~5!. Assuming the quanti-
ties n, D, andg(R) are comparable for liquid xenon at 16
K and for a Xe–N2 solution at;90 K, theDs data in Fig.
2~a,b! would imply for the Xe–N2 system a value ofT1
;2 hours.

In practice, we could not observe any NMR signals
dissolved xenon several minutes after the gas flow from
polarizer was stopped. As a cross-check, we polarize
batch of pure xenon liquid in our apparatus, and obtaine
T1 value of;18 min, in line with Sauer’s data.25 However,
we cannot conclude that theT1 of xenon in liquid nitrogen is
W
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much shorter than that predicted by Eq.~5!, since changes in
Xe concentration during the experiment can lead to a dis
pearance of Xe NMR signal. Currently, it is not possible
distinguish between129Xe relaxation and variations in Xe
concentration in our relatively low-field apparatus.

We thank Bastiaan Driehuys for many helpful discussio
and for the loan of the superconducting magnet system.
also thank Michael Souza for his help with the cold fing
design and Jacob Goldston for participation in setting up
apparatus. This work was supported by the U.S. Air Fo
Office of Scientific Research.
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